In this study the structural and magnetization properties of a CoFe 2 O 4 -based ferrofluid was investigated using x-ray diffraction (XRD), transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy ( 
Introduction
Ferrofluids, which are defined as stable colloidal magnetic nano-sized particles dispersed in a carrier liquid, have many industrial applications [1, 2] . It is already well-known that the application of magnetic nanoparticles in general and iron-oxide and ferrite nanoparticles in particular is very wide due to their novel properties. They have various applications in different fields, ranging from new functional materials [3] such as magnetic recording media [4] to biomedical diagnostics and therapy [5] such as cancer treatment by hyperthermia [6] . Sufficiently small nanoparticles are magnetic single domain with a magnetic anisotropy energy of the same order as the thermal energy [7] , and the atomic magnetic moments in these nanoparticles fluctuate between the easy axes directions giving rise to superparamagnetism [8] [9] [10] . Suspension of such nanoparticles in liquids, resulting in ferrofluids, makes them even more interesting and opens new routes of applications. This class of material was initially developed by NASA to be used in space to control fluids [11] . Besides their primary application as rotating shaft seals in satellites, they have found a lot of applications from being used in mechanical machines due to their interesting mechanical properties [12] to computer hard drives [1, 2] . Ferrofluids have also many applications in medicine such as for sustaining drug attached to the surface of magnetic nanoparticles, at specific sites in the body by using external field [13] and for implantable artificial hearing aids in the form of ferrofluidic actuators [1] . It is worth mentioning that the magnetism in ferrofluids is more complicated compared to nano-powders owing to the existence of additional parameters such as existence of the Brownian motion, which is simultaneously a mechanism for rotation of magnetization direction in nanoparticles due to the particle rotation. Other parameters, such as interaction between magnetic nanoparticles and the surfactant, which is used based on the electric polarization of the surfactant to prevent agglomeration of the nanoparticles, together with tensional as well as gravitational forces in the ferrofluids make them extremely complex compounds. Superlattices and self-assembled iron-oxides nanocrystals have also many industrial applications especially in magnetic recording media and hence recently attracted considerable amount of attention [14] [15] [16] [17] [18] [19] .
Another interesting class of materials is ferrites. The parent causing magnetite to be a conductor. Below the Verwey transition temperature this electron is frozen and the magnetite will be an insulator. Concerning the above-mentioned magnetic and electrical properties of magnetite, it is possible to introduce 3d transition metals in magnetite, hence manipulate and control these properties.
It is well-known that in contrast to metallic alloys where Ni and Co, in relatively low concentrations, increase the Fe magnetic moment according to the Slater-Pauling curve [21] , the magnetization is decreased when such elements are incorporated into magnetite compared to the pure magnetite [22, 23] . On the other hand, the Fe magnetic hyperfine field is increased both in metallic alloys [24] [25] [26] and in such ferrites [23, 27] .
Mössbauer spectroscopy has been proven to be a powerful technique for characterization of different iron-oxide nanoparticles [28] [29] [30] , identifying their coexistence in a nanoparticle [31] , or in solid solutions [32] . Furthermore, it is a suitable technique to gain insight into the distribution of cations in ferrites [23, 27] . Accordingly, this technique is suitable for characterization of iron-oxide-based ferrofluids.
Furthermore, as orbital magnetic moment in most iron-oxides is quenched, the dominant magnetic moment in this class of magnetic material is the spin magnetic moment. Spin-polarized electron momentum densities (EMDs) can be studied by magnetic Compton scattering (MCS) [33] . It is called magnetic Compton profile (MCP) [34] of magnetic atoms:
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are up-spin and down-spin EMDs respectively, defined as,
as a function of the up-spin and down-spin electron wave func-
. The summation in Eq. (3) extends over all occupied states. The p z -axes is taken along the scattering vector. The shape of MCP depends on the spin-polarized atomic species, their local structures and the direction of scattering vector. In general, Compton scattering refers to x-ray scattering in a deeply inelastic regime, because x-rays interact not only with the electron charge but also with the electron spin. Therefore, MCP, which is the difference between the majority-and the minority-spin Compton profiles, can be extracted by measuring two Compton scattering cross-sections: one in the direction of magnetization of the specimen parallel to the scattering vector, and the other in the antiparallel direction of magnetization. MCS has proved to be a powerful technique for characterization of different nanostructures [14, [35] [36] [37] [38] .
This study has a two-fold motivation. The first is to investigate the stability of a Co-ferrite, CoFe 2 O 4 , ferrofluid after more than two decades of its preparation. The second is to characterize it with powerful techniques to gain insight into its magnetic properties as well as the electron polarization and atomic arrangement. The structure and morphology of the nanoparticles were investigated by transmission electron microscopy (TEM), high-resolution TEM (HR-TEM), and x-ray diffraction (XRD), while energy-dispersive x-ray spectroscopy (EDS) provides information about the elemental distribution.
Experimental details
The synthesis of the ferrofluid was based on the wet-grinding approach the details of which can be found elsewhere [39] . The compound was prepared more than two decades ago and has been kept in the ambient atmosphere. The structure of the nanoparticles in the ferrofluid was investigated by XRD using a Philips X'Pert diffractometer equipped with a copper tube in BraggBrentano geometry operating at 45 kV/40 mA, together with a Lynx-eye energy dispersive position sensitive detector (3°open-ing). The radiation used was λ ( =˚) α CuK 1.5418 A . The crystal structures were refined using the Rietveld method [40] implemented in the FullProf software [41] . Zero point and displacement error were refined using an internal Si standard (a ¼5.430922 Å, NIST 640b). The instrumental resolution was determined by measurements of a LaB 6 -standard (NIST 660).
The morphology and dimensions of the synthesized nanoparticles in the ferrofluid were determined by HR-TEM using a Philips CM12 transmission electron microscope, and the average diameter of the Co-ferrite nanoparticles was determined by measuring the diameters of 200 particles and fitting the histograms to Gaussian distribution function. The EDS measurements were performed in conjunction with FEI XL30-SFEG scanning electron microscopy operating at a voltage of 10 kV.
A conventional transmission 57 Fe Mössbauer spectrometer, working in constant acceleration mode, was used for this experiment. The movement of the radioactive source, 57 Co in Rh matrix held at room temperature (RT), was controlled by a computerized interface. The sample was mounted in a He-flow cryostat and spectra were recorded at 10, 50, 80, and 300 K. The recorded spectra were analyzed using the software Recoil [42] . All centroid shifts, δ, are given with respect to metallic α-iron at RT.
The MCS experiment was carried out at the BL08W beamline of SPring-8. The incident x-rays, with 175 keV energy, were elliptically polarized and perpendicular to the sample surface. Energy spectra of Compton-scattered x-rays were measured at 10 K, in a magnetic field of þ 2.5 T (parallel to the scattering vector) and À 2.5 T (anti-parallel to the scattering vector). The MCS contributions were separated by taking the difference between the energy spectra at þ2.5 T and À 2.5 T. The measurement was repeated using the sequence of magnetic fields, ABBABAAB, where A is þ2.5 T and B is À 2.5 T, with a data-accumulation duration of 60 s each. The energy spectra of the MCS x-rays were converted to MCP using a standard data-processing method [43] .
Results and discussion
A typical XRD pattern for the sample is shown in Fig. 1 . The XRD diffractogram has relatively sharp peaks, indicating an excellent crystallinity, as it is evident from (220), (311), (222), (400), (422), (511), and (440) peaks, which are typical for inverse spinel structure nanoparticles [44] . The broadening of the peaks is an indication of the finite size in accordance with the Scherrer equation [45] :
where β is 0.94, wavelength λ of 1.5418 Å, B is the full width at half maximum (FWHM) of the peaks, and θ is the diffraction angle.
FWHM of the instrument is below 0.12°for θ ≤ ≤°20 2 120 , and about one order of magnitude smaller than FWHM refined for the samples for θ ≤ ≤°20 2 70 , thus all peak-broadenings observed for the sample are from the sample and not from the diffractometer. Using (311) peak, which has the strongest diffraction, results in a size of 19.4 nm.
A TEM image of the sample is illustrated in Fig. 2 . As seen in the HR-TEM indicated in the inset in Fig. 2 , the crystal planes are clearly seen in the nanoparticles extending to the surface. The average particle diameter of = ± d 18 1 nm for the nanospheres is extracted from the TEM image. The content of the nanoparticles, Fe, Co, and O, is seen in Fig. 3 . The ratio of intensities is close to CoFe 2 O 4 .
The Mössbauer spectra measured from 150 K down to 10 K are shown in Fig. 4 . Using three components results in the best fit of the Mössbauer spectra. The hyperfine parameters from the fit are summarized in Table 1 to preserve charge neutrality of the compound. Fig. 5 shows the MCP measured at 10 K. The MCP is very similar to that of a spherical maghemite nanocrystalline sample [14] . It contains two components, namely, a broad positive 3d profile, and a narrow negative contribution which makes a dip at p z ¼0. The dip is caused by the negative spinpolarization of the Fe atom at the tetrahedral A site [46] , in which the Fe 3d states are strongly hybridized with the ligand O 2p states. In our previous study on maghemite nanocrystals [14] , we used the full potential linearized augmented plane wave method within the local spin density approximation to calculate the theoretical MCPs of magnetite, which has similar structure to maghemite, along the [100], [110] and [111] directions as shown in Fig. 6 .
It was shown that while theoretical MCPs along the [110] and [111] directions had clear peaks at p z ¼ 0, the MCP along the [100] direction had a large peak around 1.1 atomic units (a.u.), and a dip at p z ¼0. It is an interesting observation that despite the fact that inverse spinels have [111] as their easy axis, the nanoparticles in this ferrofluid align themselves along [100] direction, parallel to the external magnetic field, due to their freedom to rotate in an external magnetic field. The dip at low electron momentum regions is slightly deeper compared to typical MCPs in magnetite and maghemite [14, 47] , which is due to higher concentration of Co in B-sites. As Co atoms have lower spin moment compared to Fe atoms, the strength of the magnetic moment in the A-site is increased relative to the magnetic moment in the B-sites according to the model presented in our previous work [46] . The stability of a ferrofluid is shown in its response to an external magnetic field. In case of magnetic nanoparticles suspended in a solution, only the nanoparticles are attracted to an external magnetic field. On the other hand, when a ferrofluid is exposed to an external magnetic field, the whole sample will be attracted to the external field, and spikes are formed, as shown in Fig. 7 for this ferrofluid. The response is identical to the ferrofluid's response to an external magnetic field when it was synthesized more than two decades ago (not shown). Besides the results from the characterization techniques used in this study, i.e., Mössbauer spectroscopy, which shows the existence of Co and Fe in the nanoferrite, and MCP showing the existence of a Co-based ferrite, the visible response of the ferrofluid to an external magnetic field shows that the ferrofluid is still stable after more than two decades.
Conclusions
In this work XRD, HR-TEM, EDS, Mössbauer spectroscopy, and MCS have been used to characterize the structural and magnetic properties of a cobalt-ferrite ferrofluid. It is demonstrated that this ferrofluid is still stable after more than two decades. Mössbauer spectroscopy gives the cation distribution, which is (Co 0. 38 
